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CRITICAL COMMENTS
PARASITOLOGY YEAR 2000
Albert O. Bush, Janine N. Caira·, Dennis J. Minchellat,
Steven A. Nadlert, and John R. Seed§1I
Department of Zoology, Brandon University, Brandon, Manitoba, Canada R7A 6A9
ABSTRACT: We predict that in order for parasitology to thrive by the year 2000 the various subdisciplines ofevolution, ecology,
biosystematics, and genetics must develop holistic approaches and use parasite models to answer basic biological questions. The
students of tomorrow must work as part of a multidisciplinary team; and their questions and answers must be conceptually
integrated into the broader biological framework of evolution and ecology.
The old parasitology is dead. The individual investigator sim-
ply describing a new species of parasite or attempting to un-
derstand ecological relationships at the infrapopulation to com-
munity level will no longer survive at a major university or be
at the leading edge of their field. The new parasitology will
require an integrated approach in which the systematist, field
ecologist, mathematical modeler, and molecular biochemist
combine in their examination of population dynamics. To this
we must add the statistician, the environmental biologist, the
physical chemist, and so on. Unfortunately, no one individual
can master all ofthese scientific specialties. Projects for the Year
2000 will have to be cooperative ones between individuals hav-
ing different training, but who can work together in a team. In
addition, because of the inability for any 1 department (and in
many cases the University or Company) to have the resources
to support the critical mass of individuals needed for such pro-
jects, proposals funded in the Year 2000 will, by necessity, in-
volve individuals at different locations and require an exchange
of information, ideas, and data via electronic communication
(the Information Superhighway). Therefore, currently funded
separate projects in biodiversity, biogeography, systematics,
evolution, ecology, etc., will in the near future become one (the
Mega Project), and the individuals involved will all have 4 basic
characteristics: (1) expertise in a specific discipline; (2) a good
basic understanding of general biological and chemical princi-
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pIes (scientific breadth); (3) the ability to work in a team; and
(4) expertise in information transfer.
We have included a discussion of research in 4 major sub-
disciplines of parasitology that we believe will continue to be
important beyond the year 2000. Each example notes the great
potential of parasitological studies, the need for a multidisci-
plinary approach, and supports our conclusion that integrated
research (and teaching) teams will enhance our discipline.
PARASITE EVOLUTION
The future of parasite evolutionary biology is a potentially
bright one! It seems clear that cladistics will continue as the
method of choice for the construction of hypotheses of evo-
lutionary relationships. Most convincing will be cladistic
studies executed with care from observation ofa wide variety
ofcharacters from specimens representing a large proportion
ofthe taxa involved (Deets, 1994). Such studies will continue
to draw upon morphological characters obtained with light
and electron microscopy (Siddall et aI., 1992) In addition, as
the molecular database for invertebrate taxa in general con-
tinues to expand, the utility of nucleotide sequence data for
the construction of evolutionary hypotheses is becoming in-
contestably apparent (Hillis and Dixon, 1991). However, to
date, such data have been utilized for the phylogenetic anal-
ysis ofvery few parasite taxa (Johnson et aI., 1988; Baverstock
et aI., 1989; Nadler, 1992; Rohde et aI., 1993). In addition,
relatively few genes have been utilized as sources ofsequence
data (see Vossbrinck et aI., 1987; Baverstock et aI., 1991; Liu
and Beckenbach, 1992; Nadler, 1992; Barker et aI., 1993;
Blair, 1993; Rohde et aI., 1993). There is much to be gained
from the exploration ofother regions of both the nuclear and
mitochondrial genomes (Simon et aI., 1994) for constructing
phylogenetic relationships. Research (both morphological and
molecular) must also be extended to a much broader range
of parasite groups.
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Whereas studies involving the generation ofphylogenetic trees
will themselves be valuable contributions to the parasite liter-
ature, the trees resulting from these studies will also form a
framework that can be used to investigate a variety of general
evolutionary principles, some ofwhich may be most appropriate
to investigate in parasite systems, as well as a plethora of in-
triguing evolutionary questions unique to parasite systems. Sev-
eral examples follow.
Mapping the life cycles ofparasites onto the phylogenetic trees
ofthe corresponding taxa puts the life cycles into an evolutionary
perspective that allows analysis of issues such as the order of
origin of invertebrate (intermediate?) and vertebrate (defini-
tive?) hosts in species with heteroxenous life cycles. For ex-
ample, using this method Carney and Brooks (1991) determined
that the lack of a vertebrate host from the life cycles of several
species of A/loglossidium was not the condition that preceded
the addition of the vertebrate host but rather was the result of
the loss of the vertebrate host. Barta (1989) similarly identified
several independent evolutionary events leading to heteroxen-
ous life cycles among sporozoan taxa.
Related to issues of life history evolution, and equally de-
serving ofattention, is the evolution of modes of transmission
and the evolution of parasitism (Adamson, (986). The latter
line ofinvestigation would be particularly interesting to pursue
in monophyletic taxa that contain both parasitic and nonpar-
asitic members, such as the Crustacea.
Parasite groups with larval stages that bear little morpholog-
ical resemblance to their adult forms (for example many plat-
yhelminths and acanthocephalans) are ideal systems for study
of historical constraints on morphology. This is particularly
interesting in parasite groups because each life cycle stage often
lives in a unique environment and thus each is exposed to
entirely different environmental pressures. In these taxa, phy-
logenetic trees can be generated independently for each mor-
phologically distinct life cycle stage and then compared. The
few studies of this nature carried out to date (Caira, 1989) in-
dicate congruence between trees of several life cycle stages, but
many more such studies are needed before the generality of this
phenomenon can be assessed. One could also compare trees
generated independently from molecular data collected from
each life cycle stage.
Parasite systems are excellent vehicles for the study of char-
acter evolution, including frequency and type ofhomoplasious
and nonhomoplasious character occurrences. Parasites provide
excellent opportunities for the study ofconvergence as it occurs
in response to the similar influences imposed by similar hosts,
in many instances on a diversity ofparasite taxa. Heterochrony
is particularly attractive to pursue in parasite systems. In an
excellent example ofthe latter type ofstudy, Siddall et al. (1992)
used the results of their phylogenetic analysis of the Diplomon-
adida to document the phenomenon ofheterochrony in several
of the ultrastructural features of this group.
Of perhaps most interest (and importance) to biologists in
general are studies of host/parasite coevolution. Methods for
handling host data for such comparisons include mapping hosts
onto parasite cladograms (Deets, 1987) and generating host
cladograms directly from parasite data (Brooks, 1981). But, by
far the most informative method is comparison of trees gen-
erated independently from host and parasite data (Hafner and
Nadler, 1988; Page, 1993); such studies have the advantage of
independence from the assumption of strict coevolution be-
tween parasite and host taxa. Thus, future studies ofcoevolution
must involve collaboration between parasitologists and other
investigators working on the appropriate host taxa. The initi-
ation of such collaborative studies by parasitologists may be
one of the most effective ways to focus the attention of non-
parasitologists on parasitological issues.
As more coevolutionary hypotheses become available, in-
vestigation oftempo (Hafner and Nadler, 1990; Page, 1991) and
mode (Adamson, (990) of speciation in both parasite and host
taxa will be greatly facilitated. In many ways host/parasite as-
sociations are model systems for studies of speciation.
From the examples given it becomes obvious that studies of
parasite evolution will involve the disciplines oftaxonomy, bio-
chemistry, molecular biology, statistics, biological models, ecol-
ogy, etc., the key will be the integration of these separate spe-
cialties into cooperative research and teaching endeavors.
PARASITE ECOLOGY
There is much current debate on future directions in ecological
research. Studies such as Weins' (1990) "Ecology 2000: An essay
on future directions in ecology," Grosberg and Levitan's (1992)
"For adults only: Supply-side ecology and the history of larval
biology," Odum's (1992) "Great ideas in ecology for the 1990s,"
and MaImer and Enckell's (1994) "Ecological research at the
beginning of the next century," assess past efforts and address
future goals in understanding the relationship between organ-
isms and their environments. Common to most such essays is
a clear focus on problems ofscale, the need for defined auteco-
logical studies on integrated groups of organisms, the need to
take a holistic approach that incorporates various life history
stages oforganisms in those autecological studies, and the need
for a forceful presentation of those ideas to an appropriate au-
dience. Although these 4 essays have their roots in the study of
free-living organisms, all can be usefully approached through
studies on parasites.
The study of parasitic organisms (we focus on the parasitic
protozoans and helminths, but other kinds of parasites should
show similar features) provides a number of advantages not
readily available to the student of free-living organisms. As
organisms with complex life history patterns, parasites are ex-
cellent integrators of environmental conditions and hence are
useful as variables for monitoring environmental change or eco-
system health. They also provide excellent vehicles for studying
such phenomena as dispersal and dissemination in space and
time. Because most are obligate symbionts, their hosts provide
unambiguous boundaries within which exposure (a supply-side
factor) and subsequent development (environmental limitations
or interactive factors) can be measured and compared. In ad-
dition, parasites in host individuals, in host populations, and
in all of their hosts, e.g., intermediate, vector, paratenic, and
definitive, which harbor the parasite at some time in their life
cycles provide nested levels of organization. Matters related to
spatial and temporal scales are more amenable to study in such
nested systems with unambiguous boundaries. An often unap-
preciated, perhaps forgotten, feature of the ecology of parasites
is that they live in a habitat (which we call a host) that is capable
ofresponding to their presence (and their potential pathogenesis)
in a manner that may be detrimental to the parasite, to the
parasite's habitat, or to both. Unlike the free-living analogue,
"environmental resistance," the response by the host involves
a measurable cost, suggesting, as noted in the previous section
that parasites are excellent candidates for studies on evolution-
ary adaptations. The availability of sophisticated physiological
procedures and immunological and molecular probes sets the
stage for a truly integrated, holistic, and mechanistic approach
to ecological questions applied to host-parasite systems.
In North America, parasites were not really appreciated as
organisms for primary studies on ecological phenomena until
some of the landmark studies in the late 1950s and early 1960s.
Such studies as Hairston's (1965) work on the population bi-
ology of Schistosoma, Noble's (1960) recognition of commu-
nities ofparasites in fishes, Read's (1959) work on the ecological
significance of dietary carbohydrates, Holmes' (1961, 1962)
demonstration ofcompetition, Manter's (1963) studies on zoo-
geography, and Schad's (1963, 1965) works on niche diversifi-
cation and interference competition stimulated much enthusi-
asm and suggested that parasites have considerable promise as
model organisms for ecological study. Unfortunately, that
promise has not been realized, despite considerable advances
in the various subdisciplines of parasitology.
There are probably a number of reasons why that promise
remains unfulfilled. We are not suggesting that there has been
a lack ofgood work or a lack ofinnovative thought on parasites
and their ecology. However, most of the work that followed the
landmark studies focused on inferential models (a form of"pat-
tern analysis"), stressing the similarities in different systems.
Rarely did parasitologists consider an attractive alternative-
the study of adaptive differences. Although there have been
numerous studies on the population dynamics of various par-
asites, most treated the populations as ifthey were in a vacuum,
neglecting other parasites, the environment of the host, or es-
pecially interactions with the host. Rarely were the consequences
of those dynamics (in terms of such features as selective pres-
sures or life history strategies) pursued. A notable exception is
the recent integration of modeling and field ecology as exem-
plified by the work of Dobson and Hudson (1992) on trichos-
trongyles in grouse. In spite ofsome exceptions, even free-living
ecologists note particularly our failures. For example, in a recent
article Wilbur (1990) stated "Phenotypic plasticity is one mech-
anism that an individual can use to survive the vagaries of a
chaotic environment. Zoologists, including parasitologists ... ,
have not yet exploited fully this interpretation of life history
diversity."
Despite significant advances in parasite physiology and im-
munology, and the fact that the immediate environment ofany
parasite is constituted ofthe structure, functioning, and response
of the host, there has been little incorporation ofthese fields in
the study of the ecology of parasites. Epidemiological studies
on parasites of medical and veterinary importance are an ex-
ception, but an exception that is relatively unknown to non-
parasitological ecologists. Even these studies, however, often
neglect the effect of other parasites in the host population.
We know a large number of details on a great many parasite
species. A simple collation ofaddition fragmented facts will not
make parasite ecology a vibrant field, capable of commanding
scarce funds for basic research. Lawton (1994) voiced a similar
concern when considering the field ofentomology-"I believe
there are major problems posed by too many different research
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groups studying too many different taxa, in too many different
ways, with the result that we may end up not knowing enough
about particular systems to say anything useful about anyone
of them."
Parasite ecologists need to focus on a comprehensive set of
testable hypotheses, with full recognition ofthe directions taken
by other ecologists. We need to test, using host-parasite systems,
some of the basic hypotheses being worked on in free-living
systems. We also need to address hypotheses that specifically
test the special attributes of host-parasites systems. Such tests
should focus on parasites in the "real world," as members of
guilds and communities, in hosts that are members of guilds
and communities. Clearly, a major goal for parasite ecologists
must be to foster integrated, comparative, and collaborative
studies. We would argue that group funding, in which the phys-
iological, immunological, genetic, and ecological bases of eco-
logical questions are addressed by teams ofworkers would great-
ly enhance parasite ecology and also ecology in general.
BIOSYSTEMATICS
Many topics involving parasites should be of interest to a
wide spectrum of evolutionary ecologists. A short list of topics
and citations includes the following. What effects do parasites
have on the structure ofecological communities (Minchella and
Scott, 1991)? How common is cospeciation versus host switch-
ing among different assemblages of hosts and parasites (Brooks
and McLennan, 1991, 1993)? Does comparative analysis ofhost-
parasite systems reveal vicariant biogeographic patterns (Ho-
berg, 1992; Hoberg and Adams, 1992)? Are rates of molecular
or morphological evolution similar in hosts and their parasites
(Hafner and Nadler, 1990; Page, 1990; Hafner et aI., 1994)?
Many of these research questions require comparative analysis
of phylogenetic trees ("tree-thinking"). The study of host-par-
asite cospeciation is a particularly promising application oftree-
thinking because it promotes a better understanding of the re-
lationships between symbionts, and, in certain cases, allows
investigators to gain basic insights into evolutionary processes.
For example, when host-parasite cospeciation has been inferred
for an assemblage, the lengths ofcorresponding branches in host
and parasite trees can be used to assess rates of molecular evo-
lution between the 2 groups of organisms (Hafner and Nadler,
1990; Hafner et aI., 1994). Of course, the biological inference
of cospeciation is not necessarily straightforward because pat-
terns of congruence between host and parasite phylogenies can
result from phenomena other than cospeciation in the strict
sense (Brooks and McLennan, 1991; Page, 1993). However,
given such caveats, the general features of this relatively new
approach to analyzing rates ofevolution will be outlined briefly
as an example of one potential topic of broader interest.
Comparative studies of evolutionary rates among free-living
organisms have frequently been hindered by difficulties of es-
tablishing accurate time ofdivergence for species. The inference
of approximately contemporaneous speciation, as represented
by certain host-parasite cospeciation events (Hafner and Nadler,
1990), provides an important opportunity to assess relative rates
of evolution between organisms with very different life history
features. Three general requirements must be fulfilled to com-
pare rates of molecular evolution between hosts and their par-
asites. First, independent phylogenetic hypotheses must be gen-
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erated for each group of organisms to avoid any circularity in
subsequent comparative analyses. Second, comparisons ofhost
and parasite tree topologies must reveal evidence of cospecia-
tion, which may be inferred when levels ofcongruence between
independently derived trees exceeds chance expectations. Fi-
nally, comparisons of analogous branches in the 2 trees neces-
sitates using models of sequence evolution to estimate branch
lengths from the sequence data.
Molecular data (particularly nucleotide sequences) are es-
pecially worthwhile subjects for comparative analysis ofcospe-
ciation because in certain cases, homologous genes can be com-
pared between distantly related taxa to assess relative rates of
molecular evolution. By contrast, morphological characters, al-
though clearly useful for inferring evolutionary history, are much
less useful for studying rates ofchange between distantly related
organisms because no common framework ofhomologous mor-
phological features is available for comparison. For molecular
comparisons, protein-encoding sequences would seem to rep-
resent the genes of choice because different positions within
codons, different classes of nucleotide substitutions (transitions
versus transversions) and amino acid replacements can be an-
alyzed separately. One recent study has employed mitochondrial
gene sequences that have a high probability ofbeing orthologous
between hosts and their parasites (Hafner et al., 1994).
In cases where the hypothesis of cospeciation is supported,
host-parasite lineages with parallel histories can be used to test
the null hypothesis of equal rates of molecular change. One
simple approach to assessing rates of evolution is to compare
lengths ofanalogous branches in the host and parasite trees using
a bivariate plot (Hafuer and Nadler, 1990). An important part
ofthis comparative procedure involves estimating branch lengths
for taxa given a phylogenetic tree. Inferring branch lengths re-
quires a model of nucleotide substitution, which could include
maximum parsimony (minimizing substitutions over the tree),
or more complex models such as maximum likelihood for which
parameters such as nucleotide composition and transition bias
are applied to a parametric model of substitution. Although
perhaps not intuitive, a pattern ofcospeciation does not neces-
sitate equivalent rates of molecular evolution between symbi-
onts. Molecular evolution may occur faster or slower in the
parasites when compared to their hosts, and such rate differences
will be revealed in the bivariate analysis as a departure from a
slope of unity.
Relatively few comparative analyses of host-parasite cospe-
ciation employing molecular data of any kind have been pub-
lished, and studies using sequence data are exceedingly rare.
One recent nucleotide-based study has focused on the pocket
gopher-chewing louse symbiosis and sequences encoding the
mitochondrial gene cytochrome oxidase I (Hafner et aI., 1994).
For this assemblage, maximum likelihood distance matrices
were significantly correlated for host and parasite taxa that
showed evidence ofcospeciation. The nature of this correlation
was explored further using 2 methods ofanalysis. Branch lengths
(inferred by likelihood) for parasites were significantly longer
than for their hosts as determined by Wilcoxon sign-rank tests
(Hafner et al., 1994). The observation of a higher rate of sub-
stitution in parasites than their hosts was confirmed using bi-
variate analyses. Model II regression analysis of analogous
branches in host and parasite trees showed that the overall rate
of nucleotide substitution was approximately 3 times higher in
the lice than their gopher hosts, which corresponded to the
observed differential in amino acid replacements (on average),
in pairwise comparisons ofspecies. When the regression analysis
was restricted to 4-fold degenerate sites in the cytochrome ox-
idase sequences (sites at which all substitutions were silent with
respect to amino acid replacement), the rate of substitution was
approximately 11 times higher in lice than in their gopher hosts.
In theory, these synonymous substitutions, which show clock-
like behavior in this case, may behave as neutral characters and
reflect the underlying mutation rate. The observed difference in
rates ofsynonymous substitutions between these hosts and par-
asites could be explained by several different mechanisms, in-
cluding differences in metabolic rate, factors correlated with
differences in body size, or as a consequence of differential vul-
nerability to mutation. However, if this difference reflects an
underlying dissimilarity in mutation rates, then generation-time
differences between pocket gophers and their lice may be an
important factor. The order of magnitude difference in rates of
synonymous substitution is accompanied by a similar difference
in the generation times of gophers (usually 1 yr) and lice (ap-
proximately 40 days). Although additional research is needed,
these results are consistent with the hypothesis that distantly
related groups of animals have an equal rate of mutation per
generation as inferred from silent substitution rates.
During the last 20 yr, many fundamental advances in the
sciences have been made possible by new laboratory, analytical,
and computational technology. This is also true for certain ad-
vances in parasitology, and thus the application of"cutting edge"
research techniques is frequently viewed as a panacea for facil-
itating the renaissance of biosystematic parasitology as a sep-
arate discipline while simultaneously preserving positions with-
in academic departments. However, this scenario is highly un-
realistic. External granting agencies rarely fund research pro-
posals simply because the investigation involves the application
of the newest research tools. Clearly, a different approach to
research must be adopted by many parasitologists if the disci-
pline is to succeed in training a new generation of systematists
while retaining an equitable proportion of academic positions.
Parasitologists must also recognize that most academic depart-
ments no longer hire individuals who study alpha-level tax-
onomy or life cycles; instead, work in these important areas
must be integrated into more comprehensive research programs
in evolutionary biology, ecology, or biodiversity. Initially, this
reorientation may prove difficult because the focus of parasi-
tology research has typically concerned the intricacies of the
parasites thems~lves rather than the development of testable
hypotheses concerning general evolutionary themes. Obviously,
much important research in biosystematics in general, and sys-
tematic parasitology in particular, will remain noncompetitive
for external funding (arguably the keystone for retaining aca-
demic positions). On the other hand, some of this work is a
prerequisite for other investigations in evolutionary parasitol-
ogy and can be justified on this basis. For example, life cycle
research would likely be of more widespread interest in the
context of using a phylogenetic hypothesis as a framework for
studying patterns ofchange in life cycle attributes.
Clearly, comparative studies ofcospeciation using molecular
data will benefit from development ofnew analytical approaches
and additional empirical studies. However, the gopher-louse
example illustrates that in addition to information on the nature
and extent of cospeciation in particular host-parasite assem-
blages, parasitic systems have the potential to contribute to more
fundamental areas of evolutionary biology. Using parasites as
model systems to investigate "big picture" issues in evolution
and ecology will likely benefit from a multi-investigator ap-
proach, and collaborative research with scientists working on
nonparasitic systems is likely to increase the quality and success
rate of "parasitology" grant proposals.
GENETICS
This section will highlight key areas of genetic research in
parasitology. Many of these studies utilize an integrated ap-
proach combining ecologicaVepidemiological techniques with
the tools of molecular genetics. We will begin by describing
studies that evaluate the potential for reduced genetic variation
within laboratory-maintained parasite populations. This will
lead to a discussion of studies that have assessed the amount
and degree of genetic diversity within and among natural par-
asite populations. Next, we will summarize a study that cor-
relates the expression of phenotypes with particular parasite
genotypes. The last topic will address studies ofparasite genetics
at the subcellular level.
Perhaps, the most heavily funded area of research within
parasitology is that related to drug and vaccine development.
These studies use predominately laboratory-reared parasite
populations, and yet indications are that these laboratory stains
far underestimate the amount ofgenetic heterogeneity found in
nature. An area of research that must be addressed is whether
or not analysis of epidemiological processes with hypovariable
laboratory stains may actually misguide pharmacological stud-
ies. For instance, among conspecific parasites that infect various
host species are unique parasite alleles favored for each host
species?
A study by LoVerde et al. (1985) determined that laboratory
passage of Schistosoma mansoni through murine hosts reduces
the genetic variability present in an isolate previously main-
tained in primates due to host-induced selection. The study
involved laboratory-infected baboon populations from which
miracidia were collected to infect a pool of Biomphalaria gla-
brata snails. These infected snails were then used to found 2
murine-passaged parasite populations. One snail population was
4 times larger than the other and the smaller population was
intended to mimic typical bottleneck conditions associated with
laboratory maintenance of the parasite life cycle. Adult worms
from each generation, including the founding individuals from
the baboon, were assayed for electrophoretic polymorphisms at
6 enzyme loci. Substantial temporal changes in allele frequencies
at 4 ofthe loci were noted, with fixation of3 ofthe loci occurring
in 2 generations in both parasite populations. This study clearly
indicated that conclusions based on laboratory-maintained pop-
ulations of parasites may not directly apply to natural popula-
tions containing higher levels of genetic variation.
One feature of eukaryotic DNA that will continue to yield
enlightening results for researchers is the large amount of non-
transcribed repetitive sequences interspersed throughout the ge-
nome. Because they do not code for necessary products, these
genes are free to change over time. Thus, the very nature of
these sequences makes them ideally suited as probes in a variety
of studies. Among their uses are the detection of parasites in
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low-level infections, the characterization of parasite species in
order to determine host ranges, the identification ofstrains that
can be correlated with behavioral patterns or epidemiological
features, and the tracking of individual genotypes throughout a
population.
As an example of assessing variation with a DNA probe,
Minchella, Lewis et al. (1994) recently quantified intraspecific
genetic differences among individual S. mansoni from 14 strains
collected in Puerto Rico, Brazil, and Egypt using the polymor-
phic DNA element pSM7S0. Within-strain variation was quan-
tified based on the proportion of shared bands: these values
indicate that the genetic variation within laboratory strains of
S. mansoni is generally very low. Relatively small founding
populations and selection for traits that allow laboratory main-
tenance may increase homogeneity within laboratory parasite
populations. Genetic profiles of individual parasites from the
field reveal a diverse array of parasite genotypes in naturally
infected intermediate hosts (Minchella et aI., 1995). Clearly, it
is imperative that we discern the levels ofgenetic variation that
exist both in the laboratory and in the field.
While molecular assays like enzyme electrophoresis, restric-
tion fragment length polymorphism (RFLP) analysis (nuclear
and mitochondrial), and polymerase chain reaction (PCR) tech-
niques are widely available for measuringgenetic variation among
individual parasites, their application for assessing genetic vari-
ation within and among parasite populations through popula-
tion genetics methodology is just beginning. The paradigm of
parasite population genetic structure as constructed by Price
(1980) envisions parasite species split into many small popu-
lations with little gene flow between populations. Parasites are
characterized by low intrapopulation genetic variation and high
interpopulation variation. Reduced genetic variation within
populations may result from nonrandom mating and genetic
drift, whereas variation in selection pressures across environ-
ments maintains a high level ofgenetic differentiation between
populations. The results of evolutionary forces are recorded in
the genetic characteristics ofindividuals within populations and
theoretical population genetics models such as Wright's F-sta-
tistics and Nei's G-statistics exist to discern between the various
evolutionary forces.
It is interesting that studies incorporating these techniques to
divide genetic variation among and within parasite populations
sometimes yield incongruent results. The predicted result oflow
intrapopulation genetic variation and higher interpopulation ge-
netic diversity has been reported among Plasmodium falcipa-
rum, various ectoparasiticarthropods, and several endoparasitic
trematodes. However, high levels of within-population differ-
entiation and lower levels of interpopulation genetic variation
were described for supposedly isolated populations of the lone
star tick Ostertagia ostertagi and some lung flukes. Arbitrary
definition of population structure that lacks a biological basis
complicates the partitioning of parasite genetic diversity within
and among populations, indicating a need for a consistent eco-
logical definition ofpopulations. More work in this area is clearly
necessary to validate the practicality of the current paradigm in
parasite population genetic structure.
The epidemiology of parasitic infections relies on genetically
controlled interactions between parasites and their hosts. Ge-
netic studies ascertaining the nature of these interactions could
address questions about the correlation between a parasite's
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genotype and the phenotypic expression of those genes. The
ability to detect DNA polymorphisms will allow us to correlate
variation in phenotypic characters with accurate and indepen-
dent estimates of genetic variation.
One important question of this type involves what influence
the parasite genome has on epidemiological attributes of an
infection; in other words, how are an infection's disease symp-
toms related to genetic characteristics of the infecting parasites?
Questions of this sort seem particularly amenable to laboratory
studies. For example, polymorphic repetitive DNA profiles of
14 North American sylvatic isolates of Trichinella were used to
quantify genetic differences (Minchella, Eddings, and Neel, 1994).
Differences in genetic profiles reflected phenotypic differences
in parasite reproductive success as measured by an isolate's
reproductive capacity index (RCI) in natural hosts. Parasite fe-
cundity of I group (containing the R3, R9, and C34 isolates)
was significantly lower than that of other isolates. A study of
the impact of different genetic strains of Trichinella on the be-
havior ofnatural hosts, Peromyscus leucopus, detected variation
in the type and extent of host behavioral modifications. For
instance, mice infected with either Trichinella spiralis (pig) or
R9 displayed significantdecreases in exploratory activity, whereas
mice infected with another sylvatic isolate (C26) actually showed
increased activity levels. This type of correlational study of
genetic and phenotypic characters can be taken to a finer level
of resolution using molecular genetics.
Studies of parasites with complex life cycles present the op-
portunity to apply some ofthe techniques of"classical" genetics.
Surely, the subset ofgenes controlling the growth and matura-
tion of the malarial merozoite is quite different from the subset
controllinggrowth and migration ofthe sporozoites. In the same
way, essentially distinct genetic programs may be required to
produce trematode cercariae, miracidia, and adult flukes. By
analyzing the differential expression ofgenes at each of the var-
ied points in parasitic life cycles, we will gain insight into the
genetic basis underlying the host-parasite relationship.
One finding that may uncover an important mechanism for
differential gene expression was made by Gunderson et al. (1987),
who found 2 distinct ribosomal RNAs expressed in the sexual
and asexual stages of the human malarial parasite, Plasmodium
berghei. This study showed that 1 type of ribosomal RNA was
the dominant type by at least a 20: 1ratio in sporozoites collected
from the salivary glands of the mosquito host. Merozoites in
the blood of the mammalian host exhibited the alternate type
ofribosomal RNA, dominating by a similar ratio. Ifdifferential
rates of translation are important processes that produce the
distinction between sporozoites and merozoites, then the finding
ofdifferent types ofribosomes during the life cycle would be an
important first step toward better understanding the expression
mechanism in these parasites.
In addition to searching for variations at the subcellular level,
researchers are learning to manipulate some parasitic protozoa
in ways that made bacteria attractive for early studies ofgenetics.
For instance, methods have developed through which Leish-
mania mutants can be genetically complemented in a search for
the function of the mutated gene. Beverley, Turco, and col-
leagues have developed a system for isolating I set of mutants
on the basis of their lack of a key surface molecule (lipophos-
phoglycan, LPG) that has been implicated in the virulence of
these parasites (Ryan et aI., 1993; Shankar et aI., 1993). By
transfecting the mutants with a genomic DNA library and re-
covering the cosmids from those that regain expression of the
surface molecule, it has proven feasible to work out the bio-
synthesis of LPG. This method of functional complementation
is an exciting example of how modem genetic techniques can
be used to study parasite biology.
As a final note, we would like to point out a rapidly expanding
area ofresearch in the field ofparasitology, a number ofgenome
projects currently underway. These projects begin with the cre-
ation of a low-resolution physical map and continue with the
identification and sequencing of expressed genes. In the early
sequencing stages, the least that these genome projects will ac-
complish will be to provide new potential targets for drug treat-
ments. As they continue, they will give parasitologists the op-
portunity to explore further the genetic biology of parasites.
Continued growth and development ofgenetic research utilizing
parasitic organisms will help to strengthen the integration of
parasitology into other biological fields.
SUMMARY
In each section, we have tried to show that parasitology has
a rich history and that parasites offer many advantages over
free-living organisms to scientists studying basic biological
problems. However, despite many advantages, the full potential
ofour models has not been fulfilled or is unknown to individuals
outside of parasitology. The future survival of parasitology will
demand the development of hypotheses that can test basic bi-
ological questions. It will further require the integration of old
tried and true techniques with new approaches in statistics,
mathematical modeling, biotechnology, etc., in order to answer
these questions. Finally, we believe ifparasitology is to survive,
the old course outlines and textbooks using primarily taxonomic
descriptions must be changed. A holistic approach that incor-
porates the many subdisciplines of parasitology into an inte-
grated ecological framework is required. Students must be trained
in the new parasitology as well as the old; they must have a
solid foundation in biology and chemistry; and they must be
prepared to integrate fully into the large cooperative projects of
the future. Neither the molecular biologist nor the taxonomist
can stand alone. The gene sequenceradding new sequences with-
out knowing their physiological function will add little to our
basic biological understanding. The holistic ecological approach
must be King for molecules to humans exist as populations
within changing ecosettings and are therefore constantly evolv-
ing. It is the rules governing the interactions and evolution of
these populations that we must define, and we believe this can
only be approached through a team effort. Remember the old
approaches to parasitology are shrinking and are in danger of
being totally replaced by the "new" parasitology. However, the
new can save the old for it will always be necessary to have
individuals trained in classical parasite taxonomy, ecology, bio-
chemistry, etc., within each research group.
Editor's note: These Critical Comments are based on pre-
sentations in a symposium held in conjunction with the 69th
Annual Meeting of the American Society of Parasitologists in
Fort Collins, Colorado in August 1994.
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